The simulation method for synchronized swimming was developed by extending the swimming human simulation model 'SWUM.' In order to acquire the input data for the simulation, an experiment using subject swimmers was carried out. Using the acquired input data, the simulation reproducing the experiment was conducted. The simulated results were compared with the experimental ones and the sufficient validity of the simulation method was confirmed. In addition, parameter studies about timing of motion among the swimmers were conducted. It was found that the jumping height became maximum (0.7m larger than original) when the upper swimmer's motion was 0.07s earlier.
INTRODUCTION
Synchronized swimming is a sport in which multiple swimmers conduct complicated performances in the water. Both the advancement of techniques and the artistic impression are required in order to obtain a high evaluation. Among various routines in synchronized swimming, 'lift' is a move in which one or two swimmers are elevated by the other swimmers and finally launched in the air. The jumping height is required for evaluation. Therefore, it is quite important for the athletes and coaches of synchronized swimming to clarify theoretically how the higher jumping height is achieved.
Some technical elements of the synchronized swimming, such as the sculling [1] and the eggbeater kick [2] , have been studied from the mechanical viewpoint to date. However, no theoretical approach which can handle the mechanics of a whole move, such as the lift, has been conducted. If such a theoretical method is established, it will be useful to investigate various mechanical problems of synchronized swimming.
The objectives of this study were to develop the simulation method for synchronized swimming which can simulate the whole move, and to conduct the simulation analysis of the lift by four swimmers, which is a basic move in synchronized swimming, using the developed simulation method. The simulation method was developed by extending the swimming human simulation model 'SWUM' [3] , which has been already developed by the authors' group. In order to acquire the input data for the simulation, an experiment using subject swimmers was carried out. Using the acquired input data, the simulation reproducing the experiment was conducted. The simulated results were compared with the experimental ones and the validity of the simulation method was examined. In addition, parameter studies about timing of motion among the swimmers were conducted in order to increase the jumping height.
II. SIMULATION METHOD
A. Swimming Human Simulation Model SWUM The swimming human simulation model 'SWUM' was utilized for the simulation of the present study. SWUM was designed to solve the six degrees-offreedom absolute movement of the whole swimmer's body as a single rigid body by time integration using the inputs of the swimmer's body geometry and relative joint motion. Therefore, the swimming speed, roll, pitch and yaw motions, propulsive efficiency, joint torques and so on, are computed as the output data. The swimmer's body is represented by a series of 21 rigid body segments as follows: lower and upper waist, lower and upper chest, shoulder, neck, head, upper and lower hip, thighs, shanks, feet, upper arms, forearms and hands. Each body segment is represented by a truncated elliptic cone. The unsteady fluid force and gravitational force are taken into account as external forces acting on the whole body. The unsteady fluid force is assumed to be the sum of the inertial force due Simulation Analysis of Lift in Synchronized Swimming to the added mass of the fluid, normal and tangential drag forces and buoyancy. These components are assumed to be computable, without solving the flow, from the local position (for buoyancy of not-fully submerged body), velocity, acceleration, direction, angular velocity, and angular acceleration for each part of the human body at each time step. The coefficients in this fluid force model were identified in the previous study [3] using the results of an experiment with a limb model and measurements of the drag acting on swimmers taking a glide position. As a result of the identification, the fluid force model was found to have satisfactory performance. For the simulation example of the six beat crawl stroke in the previous study, the swimming speed of the simulation became a reasonable value, indicating the validity of the simulation model. With respect to the six beat crawl, the authors have already analyzed contributions of each fluid force component and of each body part to the thrust, effect of the flutter kick, estimation of the active drag, roll motion, and the propulsive efficiency [4] . Analyses of the other three strokes and a comparison among four strokes (including the crawl) have also been carried out [5] . Their details are described in the references, respectively. The recent progress related to SWUM was reviewed in the reference [6] . Some of the analysis data and animation movies are open to the public at the SWUM website [7] .
B. Extension to Synchronized Swimming
The simulation model of synchronized swimming was constructed by extending SWUM. The function of the Multi Agent/Object Simulation [8] was employed for this purpose. Using this function, the swimming motions of the four swimmers were simultaneously calculated in the time-marching computation. The schematic figure of the simulation model is shown in Fig. 1 . The four swimmers perform the swimming motion independently. The connections among the swimmers, whose points are represented by the red circles in the figure, are realized by the virtual springs and dampers. The forces due to the springs and dampers, which are denoted by F in the figure, act on the swimmers as external forces. The rigid connection between two swimmers can be reproduced if the springs are stiff enough, since the relative displacement at the connecting point becomes sufficiently small. The virtual dampers were added in order to stabilize the calculation. The values of spring stiffness and damping coefficients in the simulation were determined by means of a parameter study in which they were increased until the relative displacements among the swimmers became sufficiently small.
In the following simulations of the lift, the two feet of the upper swimmer (in dark blue in Fig. 1 ) are connected to the shoulder of the middle swimmer, as shown as red circles in Fig. 1 . The two feet of the middle swimmer (in yellow) were connected to the hands of the lower swimmers (in pale blue and green). In addition, the connecting forces were assumed to act only when the vertical components of the forces were in a compressing direction, that is, when the swimmers pushed each other. When the components are in a stretching direction, the forces were compulsorily set as zero. This implementation enabled the automatic and natural launch (release) of the upper swimmer, that is, the timing of release was not determined in advance.
III. EXPERIMENT TO ACQUIRE INPUT DATA FOR SIMULATION
A. Experimental Procedure An experiment using subject swimmers was carried out to acquire the input data necessary for the simulation, that is, the joint motions and the body geometries of the swimmers. Three underwater and two on land video cameras were installed in a swimming pool, as shown in Fig. 2 . The frame rate of the cameras was 30fps.
Four female subject swimmers were recruited from the Japan National Team of synchronized swimming. After several rehearsals, they performed the lift in the underwater calibration area, which is shown in Fig. 2 . The area was 4.9m x 4.5m and 2.0m in depth. The lift performance was shot by the video cameras. Note that no markers for digitizing were attached on the swimmers' bodies since there was a possibility that the markers disturb their performance.
For the calibration of the motion analysis, a calibration tool, shown in Fig. 3 , was used. This tool was located at various positions in the calibration area and the still images were taken by the underwater cameras.
For the acquisition of body geometries of the swimmers, each subject swimmer was asked to take several different postures on land, and those were shot by a digital still camera.
B. Data Analysis
The anatomical feature points of the subject swimmers, such as shoulder, elbow, greater trochanter and knee, were digitized by manually clicking for each underwater camera's image at each time frame. Points on the underwater calibration tool were digitized as well. Note that the images taken by the on-land cameras were not digitized since the calibration tool on land could not be prepared in the experiment. Using the digitized information, three-dimensional coordinates of the anatomical feature points were calculated. A motion analysis software, PC-MAG (OKK inc, Tokyo), was used for this procedure. From the three-dimensional coordinates of the anatomical feature points, the joint angles were computed. For the body geometry, the dimensions of truncated elliptic cones as body segments in SWUM were determined using the images taken by the digital still camera. Since the joint motion above the water could not be measured by the motion analysis system, the joint motion of the upper swimmer after 2.0s was determined by visual confirmation, that is, it was adjusted so that the simulated images became close to the experimental ones as much as possible. This might cause the decrease in the accuracy of the joint motion of the upper swimmer after 2.0s. In addition, the resultant jumping height of the upper swimmer could not be obtained as well.
IV. SIMULATION REPRODUCING EXPERIMENT

A. Simulation Conditions
Using the input data acquired in the experiment, the simulation of the lift was conducted. In the calculation of the present study, only the translational movements of the swimmers were solved by the time-marching method. The rotating movements (angles in the threedimensional space) were given as input, the same as with the joint angles. This was because the translational movements, such as jumping height, were most important in the present study, and because the problem became too complicated if the rotating movements were taken into account.
The initial positions and the directions of the swimmers' bodies were determined so that the initial coordinates of the feature points in the simulation were consistent with those in the experiment as much as possible.
For the fluid force coefficients, the values identified in the previous study [3] were used.
B. Results and Discussion
The comparison of images obtained by the simulation and the experiment is shown in Fig. 4 . The movie of the simulation is shown in Movie S1. The red lines from the swimmers in the simulation images represent the directions and magnitudes of the fluid force acting on the corresponding parts. It can be seen that the postures of the swimmers (joint angles) in the simulation are sufficiently consistent with those of the actual swimmers in the experiment. This suggests that the joint angles input for the simulation were appropriate. Also, it can be seen that the upper and middle swimmers as well as the middle and lower two swimmers were successfully connected during the performance and finally the upper swimmer was successfully launched at the very last of the performance, as shown in Fig. 4 (j) . This suggests that the implementation of the connection among the swimmers, which is described in section II.B, were effective and appropriate.
In order to examine the validity of the simulation method quantitatively, the simulated and experimental results of the time variation for the vertical displacement of the middle swimmer's shoulder are shown in Fig. 5 . From the experimental value (the red dotted line), it was found that the middle swimmer's shoulder was elevated (the displacement monotonously increased). This was due to the combination of the egg beater kicks by the lower swimmers and the standing up motion by the middle swimmer herself. The elevated distance was about 1.0m. Note that the displacement after 2.0s could not be obtained in the experiment since the shoulder became near the water surface and it could not be caught by the underwater cameras due to bubbles. The simulated value (the blue line), on the other hand, was found to be satisfactory consistent with the experimental ones throughout. The maximum discrepancy between the simulation and experiment was about 50mm. Since 50mm was merely 5% of 1.0m (the overall elevated distance), the sufficient validity of the present simulation method was confirmed. It should be noted that the height of the middle swimmer in the simulation at t = 2.25s shown in Fig.  4 (j) seemed slightly lower than that in the experiment.
One possible reason for this was the insufficient accuracy of the joint motion of the upper swimmer above the water after 2.0s. V.
PARAMETER STUDY ABOUT TIMING OF MOTION
A. Conditions of Parameter Study
The parameter study to increase the jumping height of the upper swimmer was conducted using the simulation method whose validity was confirmed as described in the previous section. In the parameter study, the timing of motion among the swimmers was changed while the motions (time variations of joint angles) themselves were not changed. In the actual simulations, the timing of the lower two swimmers was used as the reference. The timing of the middle and upper swimmers was then changed as the deviation from that of the lower swimmers. The deviation was set to 0.2s. Therefore there were three patterns for each swimmer, that is, 0.2s earlier than the lower (abbreviated as 'E'), the original timing ('O') and 0.2s later than the lower ('L'). For the combination of the middle and upper swimmers, an abbreviation 'EL' represents that the middle is earlier and upper is later, for example. Finally there were eight patterns except for the original timing, that is, EE, EO, EL, OE, OL, LE, LO and LL.
The results of the time variations for the vertical displacement of the mass center of the upper swimmer are shown in Fig. 6 . In these figures, the parabolas after about 2.0s represent the jumping motions of the upper swimmer in the air. The blue solid lines represent the changed timing while the red dotted lines represent the original timing for the reference. From these figures, it was found that the two patterns of OE and LO exhibited significantly higher jumping height (maximum vertical displacement) than the original. Since the upper swimmer is 0.2s earlier than the middle swimmer both in OE and LO, this result suggested that the 0.2s earlier motion of the upper swimmer than the middle swimmer brought the higher jumping height. Therefore, as the next parameter study, the timing of the upper swimmer was changed more precisely while the timing of middle and lower swimmers was not changed from the original. The results are shown in Fig. 7 . The ordinate is the jumping height (maximum vertical displacement) of the upper swimmer during one lift performance. From this figure, it was found that the jumping height became the maximum when the timing of the upper swimmer was 0.07s earlier. The height was 0.7m higher at this timing than that at the original timing. This suggests that the upper swimmer should start the jumping motion a little bit earlier in this performance, and that the jumping height changes largely due to even slight change of the timing of motion between the middle and upper swimmers. This is because both the middle and upper swimmers perform the 'standing up' motion by extending the hip and knee joints. Therefore, these motions by them should be precisely synchronized.
VI. CONLUSIONS
In the present study, the simulation method for the synchronized swimming was developed. Using the input data acquired in the experiment, the simulation reproducing the experiment was conducted. In addition, the parameter study to increase the jumping height was carried out. The main findings are summarized as follows:
(1) By the present simulation method, the connection and release among swimmers in the experiment could be successively reproduced. This suggests the potential of the present simulation method to be a general analysis tool for synchronized swimming.
(2) The simulated vertical displacement of the middle swimmer was sufficiently consistent with the experimental ones. This suggests the sufficient quantitative validity of the present simulation method.
(3) By the parameter study about the timing of motion, it was found that the jumping height reached its maximum (0.7m larger than original) when the upper swimmer's motion was 0.07s earlier. This suggests that the jumping height changes largely due to even a slight change in the timing of motion between the middle and upper swimmers. However, the quantitative meaning of the results will be limited since the joint motion of the upper swimmer above the water could not be accurately measured in the experiment.
